The wave lengths of 252 ultraviolet lines (3498 to 2101 A) characteristic of the international iron arc were measured relative to cadmium, krypton or neon standards. These measurements were made with Fabry-Perot etalon interferometers and stigmatic spectrographs. Invar etalons of 2, 3, 5, 7.5, or 10 mm length, and aluminized quartz plates were used. The spectrographs consisted of a concave grating, a Littrow quartz, or a Cornu quartz instrument. With the first, simultaneous exposures were obtained of red neon lines in the first-order spectrum, and of ultraviolet iron lines in the overlapping second-order spectrum. The use of quartz spectrographs required alternate exposures of primary and secondary sources. The final values in many cases are given to eight figures since calculations of probable error and tests of relative value by means of the combination principle indicated average errors smaller than 0.0005 A.
Nearly half a century ago Kayser and Runge [1] 1 proposed the arc spectrum of iron as a source of wave-length standards for spectroscopic measurements. Since that time very considerable effort has been exerted to select suitable standards, refine their values, and to extend measurements throughout a long range of spectrum [2] . Although steady progress has been made toward the establishment of a trustworthy, homogeneous system of standards, the task is still unfinished.
The greatest advance followed the invention and use of interferometers, a primary standard being thus determined by comparing the red radiation from cadmium with the meter, and secondary standards from the arc spectrum of iron being measured relative to this primary standard. Since 1919 this program has been sponsored by the International Astronomical Union, which, in 1928, adopted 244 values (3370.787 to 6677.993 A) of iron lines as international secondary standards, and recommended that the system be extended both to longer and to shorter waves [3] . Interference measurements of the shorter waves of iron have since been published by Burns and Walters 1 Numbers in brackets refer to literature citations at the end of this paper. 543 [4] and by O. V. Jackson [5] , but according to rule no line may be considered for adoption as an international secondary standard until three independent and concordant determinations exist. In the present paper another series of measurements ill the ultraviolet spectrum of iron (3500 to 2100 A) is reported. Other measurements by Buisson and Fabry [6] , by Burns [7] , and by Pressentin [8] will not be considered here since they cover only a part of this range with relatively few observations, and have been adequately discussed by Jackson [5] .
II. EXPERIMENTS
The results reported in this paper were derived from interference spectrograms of cadmium, neon, krypton, and iron spectra obtained by employing combinations of Fabry-Perot interferometers and stigmatic spectrographs.
The primary sources consisted of cadmium lamps of the type specified by the International Oommittee on Weights and Measures [9] or of Geissler tubes containing pure neon or krypton. On account of frequent fracture of the cadmium lamps owing to unfortunate choice of glass whose expansion differed from that of the sealed-in wires, the majority of spectrograms were exposed either to neon or to krypton sources.
The secondary source was the iron arc specified by the International Astronomical Union for the production of secondary and tertiary standards [10] . It consisted of an iron nrc operated at 220 volts with 5 amperes at a length of 15 mm, an iron rod 7 mm in diameter serving as the upper pole (cathode), and a bead of iron oxide on a massive iron rod as the lower pole (anode). The upper rod was surrounded by a 2-inch brass cylinder bored with vertical holes to act as a heat radiator. An image of threefold magnification was projected on the interferometer with an aluminized mirror of I-m focal length, and a diaphragm selected light from the central 1.5-mm zone of the 15-mm-arc flame.
Orystal quartz plates coated with evaporated aluminum were used in the etalon type of Fabry-Perot interferometer. The two plates produce respectively right-handed and left-handed polarization, both plates being cut with faces perpendicular to the optic axes and polished accurately plane. A small angle between surfaces of each plate prevented intersurface reflections. :E;talons of three invar rods separated the aluminized surfaces either 2,3,5,7.5, or 10 mm.
An excellent quartz-fluorite achromatic lens (made by Carl Zeiss) of 25-cm focal length was employed for imaging interference patterns on the spectrograph slits.
Three different spectrographs were used in making the observations. The first was an Anderson ruled grating of 650-cm radius mounted to perform stigmatically [11] . A compromise between horizontal and vertical focus was adopted for 15 cm on either side of the axis or grating normal, and observations were made simultaneously in the first two orders of grating spectra. Since the dispersion is 10 A/mm in the first order, it was possible to record on a lO-inch plate 4700 to 7200 A in this order and simultaneously 2350 to 3600 A in the second order. By filtering the iron light through a piece of Oorex A glass the ultraviolet spectrum was photographed in the second order, and simultaneously in the first order the neon spectrum was superposed ( 
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Measurements oj Wave Lengths 545 when neon light was reflected from the rear surface of the Corex A filter or from a plane quartz mirror. The transmission of the Corex A filter set a limit on the iron spectrum near 2600 A. It was found that the dispersion was sufficient to prevent confusion of overlapping orders if the slit was not too wide, so that many exposures were made with both orders of iron spectra present as well as the neon spectrum. Line identification was facilitated by the difference in scale of interference patterns in first-and second-order grating spectra. From these grating spectrograms, measurements of iron lines down to 2388 A were secured. This series of iron and neon comparisons is the most reliable because of strict simultaneity of exposure under identical optical conditions and no disturbance of the apparatus.
In order to observe the shorter ultraviolet these grating spectrograms were supplemented by alternate exposures to krypton and iron with a Littrow type quartz spectrograph (Hilger E1). Since it is impossible with an instrument of this type to observe the visible (4400 A) and the ultraviolet (below 2500 A) with a single adjustment, we tried the procedure which Jackson used [5] . The krypton (or cadmium) spectrum was photographed with the spectrograph set for visible light, and then the spectrograph was changed (prism rotated, lens refocused, and the plate tilted) to record the ultraviolet iron spectrum, followed by a return to the first setting for a second krypton (or cadmium) exposure. In this way, the iron lines (2700 to 2100 A) were compared with krypton standards (4273 to 4502 A) or with the cadmium standard (6438 A). By selecting for measurement only those spectrograms which showed no serious differences between the first and last exposures self-consistent results were obtained, but when these were compiled, it was distressing to find them systematically 0.0025 A higher than for the same lines measured relative to neon with the grating spectrograph.
Then the ultraviolet (2813 to 2100 A) of iron was compared again with krypton standards (4273 to 4502 A) by exposing them alternately in a Cornu prism spectrograph (Hilger E2) which covers the entire range with a lO-inch plate. In this case, it was necessary only to rack the plate down for successive exposures without otherwise changing the spectrograph adjustments. The results of these measurements were in good agreement with those of the grating spectrograms, and it was concluded that those obtained with the El spectrograph were 0.0025 A too large. Seeking the explanation for this discrepancy we investigated the effect of spectrograph focus on the fractional order of interference and found variations of this order of magnitude. It appears that systematic errors may be introduced unless exactly the same type of focus is used in spectrograph settings for different spectral regions. The values of El spectrograms were finally reduced by 0.0025 A and averaged with the other two series.
Finally, another series of observations was made with the El spectrograph after careful investigation of its horizontal and vertical focus for different spectral regions and choosing the same compromise in each. In this last series the interval 2400 to 2100 A was remeasured relative to krypton standards (4273 to 4502 A) with 2-, 3-, and 5-mm etalons, the dispersion of phase at reflection being determined again from 2-and 5-mm values. After applying the proper corrections for standard air density and dispersion of phase, these results were averaged with the others.
For the grating spectrograms we employed Eastman 144F plates.
The same, or Eastman 33, emulsions were used in making the prism spectrograms, except in the shortest ultraviolet (2400 to 2100 A) where observations were made with Schumann plates having greater sensitivity and contrast.
On account of the considerable range of intensity of iron lines suitable as standards, the best interference measurements require a variety of exposures, short ones for strong lines, long ones for weak lines, and intermediate ones for the remainder. The exposures with the grating spectrograph ranged from 5 minutes to an hour. With the prism spectrographs they ranged from 5 seconds to 30 minutes for iron and averaged about 5 minutes for cadmium or krypton. When making long exposures to the iron arc a quartz cell containing water was usually placed near the interferometer to absorb most of the heat radiation.
Accurate alignment of the light sources, condensers, interferometer, ring telescope, and spectrographs was effected in each case by placing an incandescent lamp at the center of the plate holder and centering each piece of apparatus in the light beam emerging from the slit in reverse order. Mirrors and lenses were so placed that each light source was first focused on the interferometer and again on the grating or prism of the spectrograph.
The interferometer plates were adjusted parallel by observing Haidinger's fringes when diffusely illuminated by light from a mercury lamp or a neon lamp. After adjustment they were allowed to stand for some hours and tested. If no further adjustment was required they were oriented so that the center of the interference patterns fell on the center of the spectrograph slit. This was accomplished in each case by observing, with magnification at the focus, the images of a wide slit and then reducing the slit width to }io or }fo mm for exposures. If the fringes are not accurately centered on the slit systematic errors will appear in their measurement.
Typical interference spectrograms are reproduced in figures 1 and 2.
III. MEASUREMENTS
These interference spectrograms were measured with a micrometer originally designed by Dr. Keivin Burns and constructed in the Bureau's instrument shop about 24 years ago. All interference measurements of wave lengths reported by our spectroscopic laboratory have been made with it, but its description has been neglected. It has a screw of X mm pitch, a revolution counter 2 and head with 100 divisions, which moves a microscope (and reticule) across the interference pattern. Figure 3 illustrates this interference measuring device.
In measuring the grating spectrograms the diameters of three neon rings and five iron rings were determined. The same is true of cadmium and iron rings on prism spectrograms, but the number of krypton and iron rings measured was usually three and four respectively. This procedure resulted in measuring about the same over-all size of interference patterns for both primary and secondary standards, which was thought advisable to minimi:.:e errors due to possible distortion in the image forming systems. Such distortion would be 
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Measurements oj Wave Lengths 547 revealed by slightly different fractional orders of interference from successive ring diameters, but no differences of this kind could be detected. The measured ring diameters were squared with the aid of Gauss's table of squares, and the average difference of squares for each line was plotted against wave length. A straight line was drawn to fit these points and for each wave length the value indicated by tJris line was divided into the successive squares of measured ring diameters to obtain the fractional order of interference at the center of the pattern. Although the interpolated value rarely differed from the observed by more than 1 percent, this procedure causes all the measurements on each plate to contribute to the accuracy of determining the fractional-order denominator for each wave length. For making the divisions a 20-inch slide rule was found most convenient and rapid.
The interference path or double etalon distance was found either from cadmium, krypton, or neon lines, the correct order number in every case being readily deduced by the method illustrated for neon by Meggers [12] . When cadmium was used, the value 6438.4696 A for its red radiation served as the primary standard. [14] . Within the error of observation, our comparisons of iron wave lengths with these three different primary standards all yielded the same final values.
Since the general theory and method of comparing wave lengths with the Fabry-Perot interferometer have been given many times in other papers [15] no further details are required here.
IV. CORRECTIONS
Interference comparisons of wave lengths require corrections for deviations of atmospheric density from standard conditions (dry air at 15° C and 760 mm), and for the dispersion of phase change at reflection from the interferometer surfaces. Both corrections are important when the primary and secondary standards are in different spectral regions, and are especially large for the ultraviolet, where the dispersion curve of air rises steeply and the reflecting properties of surfaces usually change most rapidly with wave length.
The first correction was derived from observations of the mean air temperature an~ barometric pressure for each exposure. The air temperature near the interferometer was usually between 23 and 24° C, and the barometer was generally a little under normal so that these corrections were always negative, amounting to -0.0032 A for 2100 A relative to 4400 A in extreme cases. When ultraviolet lines are measured re1ative to blue krypton lines instead of red cadmium or neon the corrections are reduced by the difference of their values at 4400 and 6400 A. In all cases our corrections for standard air density were taken from the tables prepared for this purpose by Meggers and Peters [16] . Separate tables of corrections for temperature deviations and for pressure deviations from normal were calculated relative to 6000 A by Jackson [17] , who was apparently unaware that the combined result is obtainable relative to any fixed point from the tables referred to above.
After correcting to standard atmospheric conditions the apparent wave lengths calculated from interference measurements require an adjustment for the dependence of phase change at reflection upon wave length. This phase correction is readily obtained from the wave-length comparisons, if these are made with a variety of etalons [12] . In the present instance consistent and reliable results were given by a comparison of the data from 7.5-and 2-mm etalons, or from 5-and 2-mm etalons.
For our aluminized quartz plates this phase correction was always negative in the ultraviolet, -0.0008 A at 3500 A, but increased rapidly beyond 2900 A, and amounted to -0.0040 A at 2500
V. RESULTS
Although the primary standard is defined to eight significant figures (6438.4696 A) and some eight-place values of secondary standards from noble gas spectra (neon, krypton) have been adopted [13, 14] , the published vDlues of iron lines have heretofore been restricted to seven-place values for the reason that iron lines excited in a high-temperature arc are intrinsically less sharp and more difficult to measure. 3 The Doppler width of iron lines is 5 to 10 times that of the primary line, or of certain neon and krypton lines, and moreover the wave lengths of some iron lines have been found to vary from arc center to pole [18, 19] . This pole effect is eliminated by taking light from a narrow centml zone of a long arc flame and the sharpness X/!:,.X of the average iron line is closely described by its limiting order of interference, N=100,000 approximately. This means that the total width of a line at 3000 A is about 0.03 A, and to evaluate the wave length to ±0.0003 A requires that the center of gravity be determined within 1/100 of the width. Fortunately, no trouble on account of hyperfine structure need be feared because according to DeGier and Zeeman [20] the isotopic constitution of iron consists of 90.2 percent mass number 56; 6.5 percent mass number 54; 0.5 percent mass number 58; and 2.8 percent mass number 57. It may be assumed that observed spectral lines are due to mass 56 and any lines due to isotopes 54, 57, and 58 will be too faint to affect wavelength measurements of those from isotope 56. The principal factor limiting the precision of wave-length measurement of iron lines (aside from pole effect and line width) is the overlapping of interference patterns of very close lines of comparable intensity. We presume that this explains a number of cases in which consistent results were obtained with individual etalons, but the final mean values from different etalons disagreed by many times the probable error of each. 7981  7973  7984  7975  7962  7978  7968  7973  7966  2851.7970 _____________________________  7961  7958  7963  7946 7967 7975
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The concordance of fractional-order determinations from four or five successive rings for each line induced us to carry the wave-length calculations and corrections to the fourth-place decimal of an angstrom. When the corrected results were assembled and averaged the fourth-decimal place was retained with the intention of rounding to three places for publication. Since most of the lines were observed on 10 to 20 or more spectrograms and each value was based upon four or five measured ring diameters, each final value rests on from 80 to 200 bisections of ring segments. Where so many observations exist, it would seem that the least squares calculation of probable error might have physical significance. In taking the final means, the individual values from each etalon were given equal weight, and then the various etalon mean values were averaged by weighting according to the number of observations with each. For the majority of lines the calculated probable error of the mean was less than 0.0005 A both for etalon means (table 1) and for final means  (table 2) . Now the term analyses of iron spectra permit a crucial test of the precision of wave-length measurements by means of the combination principle. Most of the lines we have measured have been classified and among them are 20 pairs of eight-figure values where wave-number differences measure the level separations of low atomic-energy states. These are listed in table 3. 
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• The whole number is shown only in the first column. The average deviation from the mean is 0.0034 wave number, which corresponds to an average probable error of less than 0.0004 A in the relative values of these wave lengths. We feel that these experiences justify the retention of the fourth decimal place when the probable error of the final mean is less than 0.0005 A. Our final values are exhibited in table 4, together with values quoted from Burns and Walters [4] and from Jackson [5] for purposes of comparison . The values measured by Burns and Walters apply to the iron arc at reduced pressure, and are not strictly comparable with the others unless corrected for pressure displacement. The systematic difference is of the expected order and sign for the displacement due to atmospheric pressure, but the accidental differences are two or three times our average probable error. If correction is made for the former, the averaging of three independent and concordant observations will yield satisfactory seven-place secondary standards of wave length throughout a considerable range of ultraviolet.
Our observations were purposely extended above 3370 A to test the agreement of the present series with the values adopted by the lAD [10] . For 13 lines (3370.7 to 3497.8 A) there is an accidental difference of 0.0010 A, and a systematic difference (NBS-IAU)= -0.0009 A. This discrepancy would appear to be larger than the probable error of either set, but we are unable to account for it. It illustrates again the extreme difficulty of accurately determining the relative values of wave lengths widely separated in the spectrum. Assuming that this difference is not due to errors of focus for the primary and secondary lines and that the corrections for standard air density and dispersion of phase have been correctly made in each case, the only uncertainty (neglecting error of measurement) is a secondary correction due to water vapor in the air since interference measurements are always made in moist air. But the corrections for standard air density are taken from data applying to dry air. Considering the data on refraction and dispersion of steam by C. and M. Cuthbertson [21] , it is obvious that the correction for absolute humidity of average air must be a differential one of negligible magnitude for ordinary interference comparisons.
It may be recalled that the scale of secondary standards adopted by the lAD in 1928 was somewhat lower than the values of 1922. This revision [22] ranged from -0.001 A for 3370 to 4000 A to -0.009 A for 6663 to 6750 A. It appears probable from our measurements that the ultraviolet values may still be 1 part in 4 million too large.
Our final results are displayed in the first column of table 4, the second column of which indicates the number of spectrograms on which each line was measured. The fractional values and number of observations reported by Burns and Walters [4] and by Jackson [5] are quoted in columns 3 and 4, respectively. In column 3 the letter c means computed value. Spectral-term combinations as given by Burns and Walters [4] , by Catalan [23] , and by Russell [24] are entered in column 5. Here odd multiplicities designate lines due to neutral atoms and even multiplicities designate those characteristic of singly ionized atoms. Vacuum wave numbers calculated from the data in column 1 with the aid of Kayser's Tabelle del' Schwingungszahlen appear in the last column. 
